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have been obtained in monkeys (6-8) and other mammals (9). On the basis of neuropsychological studies of patients with confirmed hippocampal damage, it appears that the hippocampal formation is necessary for establishing a usable record in long-term memory of previously encountered facts and events (1, 10).
One useful source of information about the function of the hippocampal formation is the phenomenon of retrograde amnesia, that is, loss of memories acquired before the onset of amnesia. Retrograde amnesia is often temporally graded; patients lose access to the recent past more readily than to the remote past (11). Further, as measured by objective tests, memory for the very remote past can be intact in patients with hippocampal damage (3, 12), regardless of the difficulty of the test items (13). This finding suggests that the hippocampal formation is not a repository of permanent memory. In addition, the phenomenon of temporally graded retrograde amnesia suggests that the role of the hippocampal formation in memory is time-limited. However, more data are needed to confirm and illuminate these ideas. Indeed, the correct interpretation of temporally graded retrograde amnesia depends on the precise shape of the performance curves, which cannot be determined with certainty with the tests available for assessing remote memory retrospectively in humans (14).
We have assessed retrograde amnesia prospectively in cynomolgus monkeys (Macaca fascicularis) with bilateral lesions of the hippocampal formation (the H+ lesion) (15). Preoperative performance on the 100 object discrimination problems averaged 54.5% correct (chance, 50%) on the first trial of training and 87.7% correct on trial 14 (average of 18 monkeys and 100 discrimination pairs). The learning curves were numerically very similar for the five training episodes, although some -improvement did occur with continuing exposure to discrimination problems (18). Tests given at the end of each training episode, which assessed the level of preoperative learning (17), showed that virtually the same final level of performance was attained on each of the five sets of discrimination problems. Performance on these tests averaged 78.9, 81.9, 79.4, 79.7, and 78.6% for the first to the last training episode, respectively. A two-way analysis of variance (training episode x group) revealed no significant differences (F < 2.0, P > 0.10).
Two weeks after surgery, we assessed memory for the preoperatively. learned object pairs by presenting a single trial of each of the 100 pairs in a mixed order. This retention test consisted of 50 trials present-288 SCIENCE, VOL. 250 Fig. 1 . A thionin-stained coronal brain section midway through the lateral geniculate from one monkey in the operated group. This animal sustained nearly total bilateral ablation of the hippocampal formation, including the dentate gyrus, the subicular complex, and entorhinal cortex. Also, nearly all of the parahippocampal cortex was damaged bilaterally. Overall, the damage was very similar to that described previously in monkeys with the H+ lesion ( 10) (19) . The normal monkeys exhibited forgetting: recent memories were recollected better than older memories (trend analysis across all five time points, P = 0.07; across the interval from 2 weeks to 12 weeks, P < 0.05).
Monkeys with H+ lesions remembered remote information significantly better than recently acquired information. Specifically, the score for object pairs leamed 12 weeks before surgery (72.3% correct) was significantly higher than the score for object pairs leamed either 2 weeks before surgery (62.3%) or 4 weeks before surgery (64.1%) (P < 0.05). Moreover, the scores of the H+ group for object pairs leamed from 2 weeks to 12 weeks before surgery increased monotonically (20) and improved significantly across this portion of the performance curve (trend analysis, P < 0.01). Only one operated monkey obtained a lower score for object pairs leamed 12 weeks before surgery than for object pairs learned 2 weeks before surgery.
There have been two different ways to explain temporally graded retrograde amnesia in patients with hippocampal lesions. Both views suppose that the hippocampal formation has a temporary role in memory. In the first view, the role of the hippocampal formation is temporary because the particular kinds of memory that depend on the hippocampal formation are ordinarily shortlived. No transformation or reorganization occurs in memory; across time there is simply differential attrition of memory by type. As a result, recent memory is always more vulnerable to hippocampal damage than remote memory, and temporally graded retrograde amnesia will occur. However, according to this view, the ability to recall the recent past can never be poorer than the ability to recall the remote past (21).
In the second view, the hippocampal formation has a temporary role in memory because information that initially depends on the hippocampal formation can eventually become independent of this structure. As time passes after leaming, a process of reorganization and consolidation (22) occurs such that temporary storage in the hippocampal formation is eventually replaced by a gradually developing, more permanent memory elsewhere. This view uniquely explains how monkeys with hippocampal lesions can remember the remote past better than the recent past, precisely the result observed in the present study. Accordingly, our findings favor the second of the two explanations; namely, that information in remote memory is unaffected by hippocampal lesions because of a change in the organization of memory storage (from hippocampal-dependent to independent) that occurs gradually with the passage of time after leaming (23) .
It has been proposed that the hippocampus is initially the storage site for a simple memory, a conjunction, or an index (24) . This storage site is established in the hippocampus at the time of learning through convergent anatomical projections from distributed sites in neocortex, where simultaneous and coordinated neural activity is thought to underlie perception and the capacity for immediate (short-term) memory (10, 25). The hippocampus might serve temporarily as a way of binding the distributed neocortical sites that together comprise the record of a whole event so that subsequently a complete memory can be revivified even from a partial cue. The characteristics of retrograde amnesia demonstrated here require in addition a gradual transformation or consolidation process in the organization of memory storage whereby the contribution of the hippocampus gradually diminishes and a more permanent memory gradually develops, probably in neocortex. Although the neural events underlying consolidation remain to be identified, it seems likely that slow changes in synaptic connectivity are involved. The hippocampus is needed at the time of learning and during consolidation.
